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Abstract
Polymers that exhibit aggregation-induced emission (AIE) find use, for example, as cell-imaging
agents and as fluorometric sensors due to their unique optical properties. However, the structural
diversity of AIE-active polymers has not necessarily advanced at the same rate as their
applications. In this work, ring-opening metathesis polymerization is used to synthesize the first
example of a polymer (Mn = 61,600 g mol‒1, Đ = 1.32) containing boron difluoride hydrazone
(BODIHY) heterocycles in its repeating unit. The BODIHY monomer and polymer described
absorb and emit in the visible region in solution (λabs = 428 and 429 nm, λem = 528 and 526 nm)
and as thin films (λabs = 443 and 440 nm, λem = 535 and 534 nm). Monomer (ΦFilm = 10%) and
polymer (ΦFilm = 6%) exhibit enhanced emission as thin films compared to solution (ΦSoln ≤ 1%)
as well as AIE upon the addition of water to DMF solutions as a result of restriction of
intramolecular motion. Enhancement factors for the monomer and polymer were determined to
be 58 and 15, respectively. The title BODIHY polymer exhibited an earlier onset of AIE and
enhanced sensitivity to solution viscosity when compared to the parent monomer.
1

Introduction
Polymers that exhibit aggregation-induced emission (AIE)[1] have received considerable
attention due to their utility, for example, as fluorometric sensors,[2] cell imaging agents,[1b, 2a-c, 3]
thermoresponsive materials[4] and for explosive detection.[5] One of the most common building
blocks used for the production of AIE-active polymers is tetraphenylethylene,[2d,

5-6]

whereby

incorporation of this functional group in the side-chain[5c, 6b-d] (e.g., 1) or main-chain[2d, 6a] (e.g.,
2) gives rise to high emission quantum yields (Φem) in the solid and aggregate states. The
integration of inorganic elements such as gold,[7] phosphorus (e.g., 3),[8] sulfur,[3a, 4a] and bismuth
(e.g., 4)[9] has also led to significant structural diversification of available AIE-active polymers
for the applications described above. Examples containing boron[2a,

3b, 10]

reversibly isomerize

between emissive and dark states (e.g., 5),[10d] undergo crystallization-induced emission (e.g.,
6),[10a] and emit via fluorescence and phosphorescence for cancer cell-imaging (e.g., 7).[2a]
Boron difluoride hydrazones (BODIHYs) 8a exhibit AIE by violating Kasha’s rule[11]
and undergo isomerization via aggregation and visible or near-infrared photoswitching.[12] We
have recently found that dual-rotor BODIHYs 8b and BODIHY dimers 9 exhibit tunable redox
properties dependent on the electronic nature of the N-aryl substituents and exhibit AIE.[13]
Motivated by these findings, we have developed the first polymer containing BODIHY units in
an effort to expand the functionality of these unique molecular, and now macromolecular,
materials. It is envisioned that the incorporation of BODIHYs into polymers will alter their filmforming properties and solution characteristics, thus providing an outlet for their potential use in
organic electronics and biological applications.
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Results and Discussion
The synthetic strategies employed in this work for the production of BODIHY polymers
were inspired by a report published by Chuanbing Tang’s research group that showed that welldefined cobaltocenium-based polyelectrolytes could be produced using ring-opening metathesis
polymerization (ROMP).[14] Here we explore a similar ROMP reaction for the production of
polymers bearing BODIHY units in an effort to combine their attractive traits with the
processability and solution properties associated with polymers.
Our synthesis started with the reaction between 4-hydrazinobenzoic acid and 2benzoylpyridine according to an adapted literature procedure,[13a] which resulted in the
production of an inseparable mixture of structural isomers 10 (9%) and 10′ (63%) (Figures S1
and S2). This mixture was then used in an esterification reaction with N‐(3‐hydroxypropyl)‐cis‐
5‐norbornene‐exo‐2,3‐dicarboximide 11 to produce a mixture of hydrazones 12 (38%) and 12′
3

(41%), which were readily separated using column chromatography. The relative yields of 12
and 12′ were consistent over several batches and imply that the hydrazone group isomerizes
under the reaction conditions employed. The downfield resonances at 13.64 and 8.00 ppm in the
1

H NMR spectra of hydrazones 12 and 12′ correlate to the NH groups, with the more downfield

chemical shift belonging to compound 12 − a result of intramolecular hydrogen bonding (Figures
S3‒S6). Hydrazone 12 was then reacted with excess NEt3 and BF3•OEt2 in refluxing toluene for
16 h, generating BODIHY monomer 13 in 78% yield. This transformation was accompanied by
the disappearance of the downfield NH resonance in the 1H NMR spectrum and the appearance
of a triplet at 0.7 ppm and a 1:1:1:1 quartet at ‒138.9 ppm in the

11

B and

19

F NMR spectra,

respectively (Figures S7‒S9). When hydrazone 12′ was reacted under identical conditions only
the starting material and unidentifiable decomposition products were observed.
ROMP, with 1 mol % of the 3-bromopyridine derivative of Grubbs’ third generation
catalyst in CH2Cl2, was used to synthesize BODIHY polymer 14. The polymerization proceeded
for 5 min before termination with ethyl vinyl ether. Following catalyst removal and purification,
polymer 14 was isolated in 97% yield (conventional calibration vs. polystyrene standards: Mn =
61,600 g mol‒1, Mw = 81,500 g mol‒1, Ɖ = 1.32) with similar, but broadened features compared
to monomer 13 in the respective 1H,

11

B, and

19

F NMR spectra (Figures S10‒S11). Thermal

gravimetric analysis of polymer 14 demonstrated its high thermal stability with an onset of
decomposition observed at 304 °C, followed by mass loss in 3 steps to 9% mass remaining at
1000 °C (Figure S12). Differential scanning calorimetry revealed a glass transition temperature
of 166 °C (Figure S13).
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Scheme 1. Synthesis of BODIHY monomer 13 and polymer 14.
We explored the ROMP reaction of monomer 13 to produce polymer 14 to further
understand its characteristics and to gauge the tolerance of the reaction for BODIHY
heterocycles (Figure 1). Reaction progress was monitored as a function of time
(monomer:catalyst ratio 100:1) revealing fast initiation and polymerization rates (Figure 1A).
After about 2 min, the molecular weight began to plateau, reaching a maximum Mn of
55,000 g mol‒1 after 5 min. GPC analysis of aliquots of polymer removed at six different time
intervals revealed relatively monodisperse (Đ < 1.32) molecular weight distributions, with minor
contributions from high-molecular-weight shoulders present for all samples (Figure 1B). The
linear relationship between Mn (GPC) and monomer conversion (1H NMR) implies that limited
side reactions take place and confirmed that the polymerization was essentially complete within
5

2 min (Figure 1C). A semi-logarithmic plot, which included only data points where monomer
was observable by 1H NMR spectroscopy, revealed a linear relationship between the reaction
time and ln([M0]/M]) (Figure 1D). Combined with the characterization data obtained for polymer
14, these data imply that the ROMP of monomer 13 is well-behaved and that the BODIHY unit
is compatible with the reaction.

Figure 1. (A) Molecular weight evolution of polymer 14 as a function of time. (B) GPC traces
for polymer 14 corresponding to the data presented in panel (A). (C) Molecular weight (GPC) of
polymer 14 as a function of conversion as determined via 1H NMR spectroscopy. (D) Semilogarithmic plot depicting conversion of monomer 13 as a function of polymerization time,
where conversion was determined via 1H NMR spectroscopy.

BODIHY monomer 13 and polymer 14 possess unusual and potentially useful
optoelectronic properties that can be attributed to the BODIHY groups in the repeating unit of
6

the polymer. The redox properties of 13 and 14 were studied using cyclic voltammetry (Figure
S14) and revealed a reversible one-electron reduction wave (Ered = ‒1.8 V relative to the
ferrocene/ferrocenium redox couple) and an oxidation wave (Eox = 0.9 V) wave for monomer 13
consistent with similar previously reported BODIHY systems.[13] These waves became
irreversible in the cyclic voltammogram of BODIHY polymer 14 (Epc = ‒1.7 V and Epa = 0.9 V),
perhaps due to poor solubility and/or stability of the electrogenerated polyelectrolytes in 3:1
CH2Cl2:CH3CN.
The optical properties of monomer 13 and polymer 14 were examined in solution and as
thin films using UV-Vis absorption and emission spectroscopy (Figure 2). In solution, monomer
13 gave wavelengths of maximum absorption (λabs) and emission (λem) in DMF of 428 and 528
nm, respectively. The emission quantum yield of monomer 13 measured in solution (ΦSoln) was
approximately 1%. Similarly, polymer 14 gave λabs = 429 nm, λem = 526 nm, and ΦSoln < 1% in
DMF, indicating that the optoelectronic properties of the BODIHY units in solution were
essentially unchanged upon polymerization. The low ΦSoln values are the result of freely rotating
aryl substituents on the BODIHY framework leading to non-radiative decay, a phenomenon that
has also been observed for structurally-related BODIHYs.[13] As thin films, red-shifted
absorption and emission bands were observed: monomer 13 gave λabs = 443 nm, λem = 535 nm,
and ΦFilm = 10% while polymer 14 gave λabs = 440 nm, λem = 534 nm, and ΦFilm = 6%. We
suggest that the overlap between absorption and emission bands and close proximity of the
BODIHY units in the polymer sample leads to the decreased ΦFilm measured for polymer 14.

7

Figure 2. UV-Vis absorption (black) and emission (red) spectra of BODIHY monomer 13 and
polymer 14 for 5 μM DMF solutions (left) and thin films (right).

Encouraged by the increase in emission intensity observed for thin films of monomer 13
and polymer 14, we explored their AIE properties by collecting emission spectra of 100 μM
DMF solutions containing varying amounts of H2O (Figure 3). Monomer 13 exhibits typical AIE
behaviour whereby an increase of H2O volume fractions (fw) lead to an increase in emission
intensity, with a maximum emission intensity at fw = 80% and Φaggregate = 9%. The AIE properties
of BODIHY polymer 14 differ drastically, with the onset of AIE occurring at fw = 10% and a
maximum emission intensity at fw = 50% with a corresponding Φaggregate = 7%. The decrease in
emission intensity past these fw values is likely a result of precipitation of the monomer and

8

polymer in the aggregated state. Like BODIHY monomers and dimers,[11a, 13] AIE is presumed to
be the result of restricted intramolecular motion of the aryl rotors appended to the BODIHY
heterocycles upon aggregation. The emission enhancement factors observed for monomer 13
and polymer 14 were calculated by taking the ratio of maximum integrated emission intensity
and the integrated emission intensity of fw = 0% and were determined to be 58 and 15 for
monomer 13 and polymer 14, respectively.

Figure 3. Emission spectra (left) and integrated intensities (right) obtained for solutions of
monomer 13 and polymer 14 plotted as a function of fw in DMF. Concentrations were held
constant at 100 μM. The integrated intensities and error bars were determined from the average
of three independent experiments.
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The incorporation of BODIHYs into polymers has the potential to enhance their utility as
the functional component of organic electronics and in biological applications by altering their
film-forming properties and solution characteristics. For example, the earlier and more gradual
onset of AIE observed for BODIHY polymer 14 compared to monomer 13 demonstrates that
future examples of polymeric BODIHYs are likely to be more useful in sensing applications than
molecular analogues. Similarly, polymer 14 is a useful probe of solution viscosity while
monomer 14 does not respond to changes in viscosity under identical conditions, again
demonstrating property enhancement associated with polymerization (Figure S15).
In summary, we have developed a BODIHY monomer 13 capable of ROMP in under 5
min to generate a high molecular weight polymer 14. Polymer 14 exhibited optical properties in
solution and as thin films that were the result of the BODIHY units appended to its backbone.
However, we have also demonstrated that the polymeric structure of 14 give rise to solutionbased properties (i.e., AIE and viscosity sensitivity) that differ from the corresponding monomer
13 and open the door to application. In doing so, we have brought BODIHY chemistry into the
functional polymer arena and introduced design strategies that are transferrable to related boronnitrogen heterocycles for the production of multifunctional polymers.
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TOC Entry
The first example of a polymer containing boron difluoride hydrazones (BODIHYs), prepared by
ring-opening metathesis polymerization, is reported. The BODIHY polymer is emissive as thin
films and in the solid state. In solution, the BODIHY polymer exhibits aggregation-induced
emission in DMF solutions containing water and viscosity-dependent emission properties that
differ from those of the parent monomer.
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